The teleost backbone consists of amphicoelous vertebrae and intervertebral ligaments, both of which include notochord-derived structures. On the basis of a sequential developmental study of the vertebral column of Atlantic salmon ( Salmo salar L.) from the egg stage up to early fry stage (300-2500 day-degrees) we show that the vertebral body consists of four layers or compartments, two of which are formed through mineralization of preformed collagenous tissue (the notochordal sheath and the intervertebral ligament) and two of which are formed through ossification. The three inner layers have ordered lamellar collagen matrixes, which alternate perpendicularly from layer to layer, whereas the outer layer consists of cancellous bone with a woven matrix. The bone layers also differ in osteocyte content. In this study we describe the structural details of the layers, and their modes of formation.
Introduction
The backbone, the hallmark of the vertebrate clade, consists in teleosts of amphicoelous vertebrae and intervertebral ligaments, both of which include notochordderived structures (François, 1966; Laerm, 1976) , which, compared with those of birds and mammals, differentiate at a later stage. In the Atlantic salmon, as in other teleosts, the notochord develops into a prominent and specialized hydroskeleton that sustains the locomotion of the larvae after hatching. The notochord of the Atlantic salmon consists of a stratified epitheloid tissue that is enclosed by a thick acellular fibrous sheath. The sheath consists of a thin external elastic membrane with a high content of elastin, covering a thicker collagenous layer.
Although teleost vertebrae exhibit variation in both development and morphology, they have been described as being derived from four major elements, the chordacentrum, the autocentrum, the cartilages of the neural and haemal arches, and the arcocentrum (Arratia et al. 2001) . The chordacentra are the first structures in the vertebral body to develop, and they appear as metameric mineralized zones within the notochordal sheath. In Atlantic salmon and zebrafish the notochord seems to generate the segmental pattern of the vertebral column through formation of the chordacentra, which thus may play a key role in further development of the vertebral bodies by patterning the sclerotome (Grotmol et al. 2003 (Grotmol et al. , 2005 Fleming et al. 2004 ). The chordacentrum acts as a foundation for the initial layer of perinotochordal bone, the autocentrum, which is formed by sclerotomal osteoblasts through direct ossification. The arcocentrum originates from direct ossification on the surfaces of the cartilages of the neural and haemal arches, and in some species, this bone may interconnect between the cartilages, and may fuse with the autocentrum (Arratia et al. 2001) . Furthermore, the cellularity of vertebral bone varies, and in advanced teleosts the vertebrae may be devoid of osteocytes (Weiss & Watabe, 1979; Ekanayake & Hall, 1987) .
In teleosts, a number of details concerning how the various structural elements are integrated and contribute to the functional properties of the vertebral column remain to be elucidated. By studying the development of the vertebrae in the Atlantic salmon, our objective was to elucidate the formation and structure of the individual components of the vertebral bodies, such as the chordacentrum, arcocentrum and autocentrum, and how these are integrated. In the teleost group there are at least five patterns of formation of the vertebral centrum (Arratia, 1991) . A detailed anatomical description of the salmonid vertebra, including its ontogeny, may contribute to the comparison of these structures of both fossils and extant species, aimed to elucidate phylogeny.
Materials and methods

Stock maintenance and sampling
Eggs, larvae and juveniles of the Atlantic salmon ( Salmo salar L.) were collected from a local commercial hatchery, where they had been held in a flow-through system. At the hatchery the water temperature was kept at 8.0 ° C throughout the egg stage, and after hatching, when half of the yolk had been consumed the temperature was raised to 8.5 ° C. At start-feeding the temperature was raised to 15.0 ° C linearly over a period of 2 days. The fish were fed a commercial feed ad libitum . Developmental stages were classified by day degrees (d ° ), which are defined as the sum of daily mean ambient water temperatures ( ° C) for each day of development. Hatching occurred at around 500 d ° , while first feeding commenced towards the end of the yolk-sac period, at approximately 870 d ° . Developmental stages up to 2500 d ° were analysed sequentially. In addition, samples of salmon at the smolt stage ( ∼ 100 g) were examined. Samples of 20 fish were collected at intervals of 2 days and brought to the laboratory in bags of oxygenated water. Before the preparative procedures, the fish were anaesthetized with 5% benzocain dissolved in water.
Histology
Specimens for methacrylate embedding were fixed by immersion in a mixture of 10 mL 10% formaldehyde (fresh from paraformaldehyde), 10 mL 25% glutaraldehyde, 20 mL 0.2 M cacodylate buffer and 60 mL phosphatebuffered saline (PBS), and the pH adjusted to 7.35. The larger specimens were decalcified in buffered formic acid for 5-7 days, depending on size. The decalcified specimens were rinsed in PBS and dehydrated in ethanol (50, 70 and 96%), before being embedded in Technovit 7100 (Heraeus Kulzer GmbH & Co., Germany). Sections 1-2 µ m in thickness were stained with toluidine blue.
Specimens for paraffin embedding were fixed by immersion in buffered 4% formaldehyde, decalcified (as described above), rinsed in PBS, dehydrated in ethanol, embedded and sectioned at 5 µ m. To demonstrate elastin, deparaffinized sections were stained for 30 min with Verhoeff's haematoxylin, rinsed in dH 2 O and differentiated in 2% ferric chloride for 2 min. Sections were subsequently rinsed in dH 2 O and treated with 5% sodium thiosulphate for 1 min. They were then dehydrated, cleared and mounted in Mountex (Histolab, Gothenburg, Sweden).
Digital micrographs were acquired with a ProgRes C14 camera (Jenoptik GmbH, Jena, Germany) on an Olympus Vanox AHBT3 microscope (Olympus, Tokyo, Japan), and processed using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA, USA). Inc., Silver Spring, MD, USA) was employed.
Morphometry
Transmission electron microscopy (TEM)
Specimens for TEM were fixed and decalcified in the same way as the tissues embedded in methacrylate. 
Scanning electron microscopy (SEM)
For specimens of vertebral bone, the midregion of the vertebral column (V25 → V31) was heated in water for 15 min at 50 ° C, and the surrounding musculature was removed by dissection. Vertebrae were sectioned medially, horizontally and along the transversal plane.
Samples were post-fixed in 1% OsO 4 for 1 h and rinsed in dH 2 O, before dehydration in acetone (50, 70 and 100%). Specimens were dried to the critical point, coated with gold-palladium and viewed in a Jeol 6400 scanning electron microscope. X-ray microanalysis was performed with a NORAN Voyager system (Altran, Paris, France).
Whole mounts
Parallel samples of whole specimens were stained with Alcian blue for visualization of cartilage, and with
Alizarin red for displaying bone matrix ( Taylor & van Dyke, 1985 
X-ray microcomputed tomography (micro-CT)
Samples were prepared from newly killed fresh speci- 
Results
In order to improve clarity, the main findings are schematically illustrated in Fig. 1 , to which the reader may refer when examining the original data. 
The cancellous bone surrounding the amphicoel has distinct morphology
At approximately 1000 d ° , deposition of cancellous bone (layer 4) was initiated on the lateral sides of the vertebra, eventually occupying the external concavity of the amphicoel. Although the collagen fibres mainly followed the spatial pattern of the trabeculae, the matrix had a more woven and less dense appearance than that of layers 2 and 3 (Fig. 4A,B) . Within layer 4, the first structures to appear were two, and soon after two more, lateral trabeculae, which formed straight plates orientated along the cranio-caudal axis (Fig. 4C ).
From about 1300 d ° short interconnecting transverse trabeculae were formed. As the vertebrae grew, the trabeculae branched to form a complex lattice delimiting a labyrinthine system of intercommunicating spaces, mainly filled with adipose tissue (Figs 1D and 4A,D-F).
On the apical ridges of the trabeculae, dense populations of large osteoblasts were observed, whereas in the periost of the horizontal surfaces the osteoblasts had a squamous morphology (Fig. 4E) . In layer 4, the density of osteocytes was about ten times higher than in layer 3, with approximately 350 cells per mm 2 (Figs 3F and   4A ). The bone of the haemal and neural arches had similar properties to layer 4, and in the tail region of the trunk, where the arches were fused to the vertebral body (holospondyli), no demarcation between these structures was observed within the bone.
The outer layer of the intervertebral ligament is continuous with a layer within the vertebral body
The intervertebral ligament was composed of three acellular structural components: the notochordal sheath, the elastic membrane of the notochord and an external, sclerotome-derived collagenous ligament (Fig. 5A,B ).
In the intervertebral regions, a thickening of both the notochordal sheath and the elastic membrane were observed in association with the formation of the chordacentra. From this point onward, up to 2500 d ° , the intervertebral elastic membrane increased in thickness from about 1 to 4 µ m. As mentioned above, both the fibroblasts and the collagen matrix of the sclerotomederived collagenous part of the ligament were orientated cranio-caudally, and were continuous with layer 2 of the vertebrae ( Figs 3E and 5A,B) . 
Discussion
In this study we show that the amphicoelous vertebrae (Fig. 6B ). This organization of vertebral structures thus differs from that previously described for salmonids (Arratia et al. 2001) . 
The vertebrae are formed through both mineralization and ossification
The tissue of the salmon vertebrae originates from several distinct processes. The formation of the chordacentrum coincides with a segmentation of the notochord, reflected both by formation of metameric morphological patterns (Grotmol et al. 2003) and by segmental alkaline phosphatase activity within the chordoblast layer (Grotmol et al. 2005) . The chordacentrum thus seems to form within the preformed notochordal sheath through mineralization of specific subpopulations of chordoblasts. Our observations indicate that layer 2 is formed by fibroblasts as the external intervertebral ligament, which is successively mineralized when covered with osteoid from osteoblasts located along the circumference of the amphicoel, forming layer 3 (Fig. 7) . In contrast, the autocentrum proper (layer 3) and the cancellous part of the arcocentrum form through direct ossification.
The osteoblasts of the arcocentrum and autocentrum probably have distinct functional properties
The compact bone of the amphicoel (the autocentrum or layer 3) and the cancellous bone (the arcocentrum or layer 4) are formed by distinct populations of osteoblasts. (Fig. 6) . Supporting the notion of growth Arratia et al. (2001, figs 37G and 40A) , illustrating the structural organization of the vertebral body components in a salmonid. In this model the autocentrum includes both the compact lamellar bone of the amphicoel and the ornamented surface of cancellous bone. It is interesting to note that layer 2 is not included.
(B) Interpretation of our data in relation to A. The main differences are the presence of layer 2, which is in green, and that the autocentrum only comprises lamellar compact bone of the amphicoel. Thus, in this model, the arcocentrum reaches around the entire vertebral body, and includes the bone of the neural and haemal arches together with the external cancellous bone layer.
without remodelling is that no osteoclasts have been detected within the vertebral bodies of teleosts (Witten & Villwock, 1997) . Furthermore, the utilization of preformed structures such as the notochordal sheath and the intervertebral ligament, through mineralization, may constitute an efficient and less metabolically demanding mode of growth.
The mechanical properties of the vertebra
In bone, bioapatites are arranged with their axis parallel to the long axis of collagen, and the precipitation of bioapatite is likely to be controlled by a template imposed by collagen (Landis, 1996) . In the Atlantic salmon the chordacentrum and the two compact lamellar layers of the amphicoel have matrixes with a perpendicular alternating collagen fibre orientatation.
Stabilizing this structure are the reinforcing struts and trusses of the cancellous bone. In addition, the chordacentrum embeds the vertebrae in the notochordal sheath, while the longitudinal collagen fibres of layer 2 that encases the notochord tightly interconnect the vertebrae. How this complex vertebral structure is related to specific mechanical properties remains to be investigated. It is also interesting to note that the collagen matrix of the chordacentrum seems to run circumferentially perpendicular to the cranio-caudal axis.
If this reflects the organization of the entire notochordal sheath in salmon, its structure differs from the opposite spiralling collagen fibres (geodesic pattern) found in
Xenopus laevis , which is regarded as a common vertebrate trait (Koehl et al. 2000) . 
